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G. Rees, RAL

NuFact muon storage ring : study of
a design based on solenoid focusing decay straights
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1 Ring geometry and parameters

Table 1 : Muon storage ring parameters.
Energy / Rigidity (GeV / T.m) 20 / 67
Circumference (m) 1170.764
Requested transverse acceptance (π cm, norm.) 3
Requested δp/p acceptance (%) ±1
νx/νz (present study) 10.79 / 11.15
ξx/ξz -14.3 / -14.9

Arcs
10-cell arcs (2) :
Length (m) 78
Deviation (deg) 96.73
Phase advance (µx/µz) (2π) 2 / 2
ξx/ξz -2.01 / -2.27
16-cell arc (1) :
Length (m) 124.8
Deviation (deg) 154.766
Phase advance (µx/µz) (2π) 3.2 / 3.2
ξx/ξz -3.21 / -3.60
Arc cell :
Length (m) 7.8
Phase advance (µx/µz) (deg) 72
ξx/ξz

βx,z max m 12.6
Dx max m 1.08
Arc cell combined function dipole :
Length (m) 1.25
Deviation (deg) 4.836
Curvature (1/m) 0.337647
Foc. strength (m−2) ±0.16

Production Straight
Length (m) 126
Number of solenoids (/straight) 8
Solenoid field, length (T, m) 4, 4
Phase advance (µx/µz) (2π) 0.5 / 0.5
ξx/ξz

βx,z max (m) 100

Tuning/Collimation/RF straight Straight
Length (m) 148.364
Quad. strengths (m−2) < 0.11
Quad. lengths (m) 110, 200, 300, 340
Phase advance (µx/µz) (2π) 1.62 / 2.05
ξx/ξz

βx/z max (m) 103 / 58
Dx max (m) 0.7

Matching sections
Phase advance (µx/µz) (2π) 0.97 / 0.9
ξx/ξz
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2 Building-up ray-tracing data

2.1 Arcs
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Figure 1: Left : arc cell, optical functions and periodic dispersion.
Middle : typical B/Bρ at traversal of BFA-type combined function dipole, including fringe fields.
Right : horizontal and vertical phase space motion of a single particle, 105 passes, as observed at ends of arc cell.
Particle launched on εx = εz = 6 πcm.

Optics ingredients :

Magnet type length 1/ρ (m−1) K1 (m−2) angle (rad) shift (10−2m)

BFA Matrix method sbend 2.50 0.0337647 0.1580318 0.0844117 0
Ray-tracing sbend 2.50 id. 0.15917403 id. 1.78275

BDA Matrix method sbend 2.50 0.0337647 -0.1592295 0.0844117 0
Ray-tracing sbend 2.50 id. -0.15817843 id. 1.72389

Chromaticity : ξy ≈ −
∫

βyKyds / 4π ≈ −NQ(βy|max − βy|min)KyL / 4π ⇒ ξx ≈ ξz ≈ −NQ × 2.2 ≈ −8
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2.2 Solenoid straight

Ratio of divergences of the 20 GeV muon and the neutrino beam is set at 0.1 for an assumed (possibly incorrectly)
muon, normalized, r.m.s. emittance of 4800 π mm mr.
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Figure 2: Left : optical functions in the solenoid straight.
Middle : typical field components at traversal of a solenoid, off-axis. 4 m fringe field extents are accounted for.
Right : horizontal and vertical (superimposed) phase space motion of a single particle, stepwise tracked over 2000
passes through the solenoid straight, observed at the straight end. Particle launched on εx/π = εz/π = 3 πcm invariants,
the phase advance is 0.4976 × 2π per pass. An ellipse fitting yields βx = βz = 94.4 m, α ≈ 0. The integration step size
is 1 cm.

Optics ingredients :

length Bs/2Bρ fall-off extent Ω = BsL/2Bρ

(m) (m−1) (m) (rad)
Matrix method 4 0.0318503 0
Ray − tracing 4 0.0331322 4
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2.3 Tuning/Collimation/RF straight
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Figure 3: Left : optical functions in half the collimation/tuning/RF straight (from arc to straight cen-
ter).
Right : a 104-pass tracking of a single particle launched with εx = εz = 3 π cm (norm.), through
the collimation straight ; x and z phase space motion are observed at the straight end ; this yields
βx = 3.65 m, βz = 11.60 m, αx,z ≈ 0 ; integration step size in quadrupole fringe field and body
regions are respectively about 0.5 cm and 5 cm.
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2.4 Full ring

• Beam envelopes
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Figure 4: Transverse positions, inside all optical elements, of 50 particles starting with coordinates
evenly spread on βγεx,z = 3 π cm, together, for comparison with the envelopes obtained from regu-
lar matrix computation for comparison (solid lines).
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Full ring

• Closed orbits
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Figure 5: Residual geometrical closed orbits.
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Full ring

• Momentum dispersion
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Figure 6: Chromatic closed orbits.
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2.5 Large amplitude tracking, preliminary tests

A rapid idea of expectable acceptances. Clearly satisfactory at that stage.

• Case of purely 2D initial beam coordiantes, maximum stable amplitudes :

Maximum stable
starting invariant induced emittance corresponding

(normalized) tunes νx/νz

εx/π = 2.64 × 3 πcm εz/π = 0.01 × 3 πcm 0.799 / 0.182
εz/π = 2.63 × 3 πcm εx/π = 0.03 × 3 πcm 0.825 / 0.155

• Case of δp/p 6= 0, maximum stable amplitudes affected by δp/p in the absence of chromaticity corrections :
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Figure 7: Top : particle launched on εx = εz = 3.6 π cm invariants and with δp/p = 0.5%. 1000 turns in the ring.
Bottom : corresponding spectra, victim of momentum detuning, featuring ∆νx,z = ξx,zδp/p, with ξx,z ≈ −15.

Figure 8:
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3 Tracking, linear machine

3.1 Large amplitude tests

Series of test in order to control the large amplitude behavior, both of the tracking method, and of
the ring itself.
Investigations limited at this stage to εx/π = 3 πcm, εz/π = 3 πcm, δp/p = ±1%.

Initial conditions used in these tests :
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Figure 9: εx/π = 3 πcm, εz/π = 3 πcm, δp/p = ±1%.
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Preliminary tests on motion, 4-D + δp/p initial conditions
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Visible effect of chromaticity, dβ/β / δp/p.
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⇒ negligible coupling.
(ii) Tune diagram footprint, 200 particles
features ∆νx,z = ξx,zδp/p.
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Figure 12: No pronounced amplitude detuning (linear ma-
chine).
(i) νx as a function of εx/π.
(ii) νz as a function of εz/π.
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3.2 Transmission, 4-D + δp/p

3.2.1 Initial conditions, 2000 particles 1000 turns : εx = εz = 3 π cm (norm.), δp/p = ±1% .
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Right : number of particles transmitted vs turn number.

Transmission is 1942/2000 particles , despite non-corrected chromaticity.
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Figure 14: Sample multiturn tracking, shows the good behavior of nu-
merical integration.
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Figure 15: Beam footprint in the tune diagram,
with extent ∆νx,z ≈ −15 δp/p.
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3.2.2 Initial conditions, 104 particles, 1000 turns : εx = εz = 6 π cm (norm.), δp/p = ±4%
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Figure 16: Initial conditions, and transmitted momentum density (red histogram on the right).
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 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02           Part#    1- 3000 (*) ; Lmnt#     1; pass#   300-  300;  1744 points            
 Eps/pi, Beta, Alpha:   3.9550E-05   26.3      4.883E-02                         Eps/pi, Beta, Alpha:   4.0203E-05   26.0      8.191E-03                        

Figure 17: Left : transmission.
Middle and right : phase spaces and projected densities at turns # 300 and 650 → absence of sensible (numerical or
real) diffusion effect.

Transmission is 5500/10000 particles, beam through :
{

εx ≈ εz ≈ 6 π cm

δp/p ∈ [−1.2, 1]%
.
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 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02           Part#   30-   30 (*) ; Lmnt#     1; pass#     1-  654;   654 points            
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NoDate...                                                                       

* Track ring ellipse                                 *                          

   P       (rad)    vs.    Z        (m)                                         

 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02          
 Part#   29-   29 (*) ; Lmnt#     1; pass#     1-  654;   654 points            

Zgoubi|Zpop                                                                     
NoDate...                                                                       

* Track ring ellipse                                 *                          

   P       (rad)    vs.    Z        (m)                                         

 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02          
 Part#   28-   28 (*) ; Lmnt#     1; pass#     1-  654;   654 points            

Zgoubi|Zpop                                                                     
NoDate...                                                                       

* Track ring ellipse                                 *                          

   P       (rad)    vs.    Z        (m)                                         

 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02          
 Part#   25-   25 (*) ; Lmnt#     1; pass#     1-  654;   654 points            

Zgoubi|Zpop                                                                     
NoDate...                                                                       

* Track ring ellipse                                 *                          

   P       (rad)    vs.    Z        (m)                                         

 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02          
 Part#   23-   23 (*) ; Lmnt#     1; pass#     1-  654;   654 points            

Zgoubi|Zpop                                                                     
NoDate...                                                                       

* Track ring ellipse                                 *                          

   P       (rad)    vs.    Z        (m)                                         

 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02          
 Part#   21-   21 (*) ; Lmnt#     1; pass#     1-  654;   654 points            

Zgoubi|Zpop                                                                     
NoDate...                                                                       

* Track ring ellipse                                 *                          

   P       (rad)    vs.    Z        (m)                                         

 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02          
 Part#   19-   19 (*) ; Lmnt#     1; pass#     1-  654;   654 points            

Zgoubi|Zpop                                                                     
NoDate...                                                                       

* Track ring ellipse                                 *                          

   P       (rad)    vs.    Z        (m)                                         

 Min-max. Hor.: -0.1200      0.1200    ; Ver.: -1.0000E-02  1.0000E-02          
 Part#   18-   18 (*) ; Lmnt#     1; pass#     1-  654;   654 points            Figure 18: Sample multiturn tracking, shows good behavior of numerical

integration.
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Figure 19: Tune diagram, with extent
due to chromaticity and coupling.
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4 Tracking, chromaticity compensated with sextupoles in arc bends

• Note : effects on c.o. of introduction of sextupoles in CF dipoles are not corrected (up to 2 mm in H plane)). Feed-down
to tunes not corrected either.

• Initial conditions, 103 particles, 1000 turns : εx = εz = 6 π cm (norm.), δp/p = ±4%

20 40 60 80 100 120500

600

700

800

900

1000
COUNT   vs.  Pass#                                                  

 Min-max. Hor.:   1.000       128.0    ; Ver.:   500.0       1000.              
 Part#    1- 9999 (*) ; Lmnt#     1; pass#     1-  128;   128 points            
 Mean:  62.711    ; Sigma:  37.479    ; X(max):  2.0000    ; Counts:  85375     
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 Min-max. Hor.: -0.1100      0.1100    ; Ver.: -1.0000E-02  1.0000E-02           Part#    1-40000 (*) ; Lmnt#     1; pass#    -1-  120;  3928 points            
 Eps/pi, Beta, Alpha:   3.5081E-05   7.22     -1.715E-02                        
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Figure 20: Left : transmission.
Middle two : phase spaces and densities at turns # 300 and 650 → no sensible (numerical or real) diffusion effect.
Right : Momentum densities, initial (blue) and transmitted (red).

Transmission is 630/1000 particles, beam through :
{

εx ≈ 4.6, εz ≈ 4.4 π cm
δp/p ∈ [−4, +4]%

.
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 Min-max. Hor.: -2.7211E-02  2.9503E-02; Ver.: -3.2307E-03  3.2386E-03           Part#    1-   10 (*) ; Lmnt#     1; pass#     1-  798;  4788 points            
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 Min-max. Hor.: -5.8255E-02  5.8500E-02; Ver.: -3.1636E-03  3.1619E-03           Part#    1-   10 (*) ; Lmnt#     1; pass#     1-  798;  4788 points            Figure 21: Sample multiturn tracking. Shows good behavior of the nu-
merical integration (no obvious non-symplectic behavior).
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Figure 22: Tune diagram, with extent
due to chromaticity and coupling.
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